We developed open-cell copper foams with uniformly distributed nanopores by chemical dealloying of Al 2 Cu samples that were synthesized by a powder process. High-energy ball-milling was utilized for mechanical alloying of aluminum and copper powders and either hot rolling or hot pressing was then employed to consolidate the ball-milled powders into sheets or pellets. Subsequent dealloying aluminum from the samples produced nanoporous copper foams. X-ray diffractometry and scanning electron microscopy confirmed the uniform formation of Al 2 Cu and aluminum phases prior to dealloying, and the introduction of nanoporous structures after dealloying.
Introduction
Use of the large surface area of open-cell foams has been considered one of the most promising solutions to overcome the inferior catalytic reaction in bulk materials. Reducing the foam pore size to the nanoscale may maximize the rate of heat and mass transfer, and optimize catalytic reaction in the material, enabling these foams to be used for a variety of applications such as electrodes, 1) sensors, 2) actuators, 3) and microfluidic flow controllers. 4) In particular, nanoporous open-cell metallic foams exhibit the typical advantages of highly porous materials, such as light weight and high specific surface area; in addition, they exhibit the beneficial properties of metals, such as high durability and electrical conductivity, which are not observed in their ceramic and organic counterparts. Recent studies have focused considerable attention on the processing and characterization of highperformance nanoporous noble metals, as well as nanofoams made of the more affordable copper, titanium, and nickel. 5) One promising technique to fabricate metallic nanofoams is chemical dealloying, whereby atoms in one or more phases of a two-component crystal are selectively dissolved in an electrolyte. The second component diffuses along the liquidsolid interface to self-assemble into struts. 6, 7) The pore size is controlled by both the etching rate of the less noble component and the rate of surface diffusion of the more noble component. 8) In principle, as the rate of etching exceeds the rate of diffusion, the strut and pore sizes can be reduced to a few nanometers. 9) Experimentally, however, the actual strut and pore sizes are many orders of magnitude larger than the theoretically expected values. 10) The difference between the theoretical and the actual pore sizes is generally due to the result of an inhomogeneous microstructure in the parent two-component material, because it is extremely difficult to achieve a completely homogeneous two-component parent material.
Both liquid-and solid-state synthesis routes have so far been developed to prepare porous open-cell foams by dealloying. Liquid-state synthesis involves the alloying of two or more metallic species via arc melting, 11) melt spinning, 12) etc. The molten alloys are solidified into ingots or ribbons as they are cooled, and the alloy is then etched in solution to form the foam. Disadvantages of this technique stem from the high processing temperatures that are involved, which may result in contamination, high energy consumption, and phase separation during cooling. 11, 12) Phase separation can lead to variations in microstructure because the differing potential energies of the individual phases exhibit different rates of dealloying. This produces an inhomogeneous and coarse pore structure after dealloying.
In contrast, solid-state synthesis involving powder metallurgy can overcome these disadvantages because it is performed at lower temperatures. In powder metallurgy, two different metal powders are mixed and the mixture is then consolidated at a sufficiently high temperature and load. 13) However, the resulting samples may contain microscale pores or defects, which may lead to cracks in the final foams after dealloying. The difficulty in achieving atomiclevel alloying is another technical drawback of this process. 14) Although Wang et al. has recently developed nanoporous copper foam by dealloying of mechanicallyalloyed AlCu powder, the development of bulk-scale copper foams with a homogeneous nanoporous structure has yet to be reported. 15) In this study, highly uniform nanoporous copper foams are fabricated by the dealloying of Al from AlCu compounds created by a solid-state powder metallurgy route from aluminum and copper powders. We introduce high-energy ball milling method, which enables the parent elements to be mixed and alloyed at almost atomic scale. Furthermore, the hot-working process suppresses the generation of micro-scale defects during consolidation of the ball-milled powder. We examine dealloying of aluminum from the consolidated sample and the subsequent formation of nanoscale pores in the copper foams.
Experimental Procedure

Sample preparation
Copper foams were produced using chemical dealloying of mechanically alloyed AlCu pellets or sheets. Mechanical alloying through high-energy ball-milling was utilized to form an Al 2 Cu intermetallic compound from a mixture of Al (³150 µm, 99.99 mass% in purity, Changsung Co. Ltd. Korea) and Cu (³180 µm, 99.99 mass% in purity, Kojundo Chemical Laboratory Co. Ltd. Japan) powders. Even though the atomic ratio of Al 2 Cu intermetallic compound is 2 : 1, we intentionally selected the target atomic ratio on 7 : 3 rather than 2 : 1, in order to introduce ³10 vol% monolithic Al phase in Al 2 Cu phase and to increase porosity of samples. Al and Cu powders were charged into a stainless steel chamber, with stainless steel balls as milling media; the ball-to-powder weight ratio was 15 : 1. Prior to milling, 1 mass% of stearic acid (CH 3 (CH 2 ) 16 CO 2 H, Sigma Aldrich Korea Co. Ltd.) was added to prevent powder agglomeration and excessive cold welding between the powder and the chamber wall or blades. The outer surface of the chamber was cooled using circulating cold water. Attrition milling was carried out at 500 rpm for 24 h in an argon atmosphere. The ball-milled powder was consolidated by one of two different hot-working processes: hot-rolling or hot-pressing. For hot-rolling, ball-milled AlCu powders were packed into an annealed copper tube at room temperature. The copper tube was then sealed by welding, and heated to 480°C at a heating rate of ³15°C/min. The tube was passed between a pair of rollers 18 times, producing a 12% reduction in thickness each time. After rolling, the copper tube was peeled off the surface of the resulting sheet, which had a thickness of ³1.1 mm. For hot-pressing, ball-milled AlCu powder was packed into a stainless steel mold with a diameter of 15 mm and compacted under a pressure of 28 MPa at room temperature. The powder was consolidated under a pressure of approximately 210 MPa at 500°C for 1 h. Boron nitride was used as a lubricant to minimize the effect of friction during hot-pressing. A pellet thickness was ³0.9 mm.
Chemical dealloying was conducted in a 20 mass% NaOH solution at room temperature to remove aluminum from the AlCu pellet. First, specimens were polished using SiC paper (to 2000 grit) and polishing cloths with alumina paste (to 3 µm particle size). And then, the thickness of the specimens was reduced to ³100 µm. The samples were then cleaned with ethyl alcohol and deionized (D. I.) water. Five different samples were immersed in the 20 mass% NaOH solution for varied dealloying times (1, 2, 3, 5, and 9 h). After dealloying, the samples were rinsed with D. I. water and ethyl alcohol. Figure 1 shows optical images of a AlCu sheet before ( Fig. 1(a) ) and after ( Fig. 1(b) ) chemical dealloying for 9 h.
Characterization
X-ray diffraction (XRD, Rigaku Ultima III X-ray diffractometer) with Cu K¡ radiation was utilized to identify a variety of bulk Al and Cu phases in the samples at each step. The microstructures of the copper foams were observed using a scanning electron microscope (SEM, JEOL JSM 2001F). The samples were fractured to observe the cross-section area. The specimens were attached to a carbon tape for SEM analysis. Figure 2 shows a sequence of XRD pattern of sample obtained at each fabrication stage: (from top to bottom) a mixture of starting Al and Cu powders; AlCu alloy powders fabricated via 24 h attrition milling; an AlCu pellet fabricated by hot-pressing of the ball-milled powders; and an AlCu sheet fabricated by hot-rolling of the ball-milled powders. The gray circles, green triangles, and yellow squares in the XRD spectra correspond to the referenced peak positions for Al 2 Cu, Al, and Cu, respectively.
Results and Discussions
While the XRD pattern of the hand-mixed starting powders shows only peaks corresponding to single phases of Al and Cu, that of the ball-milled powders shows intense peaks corresponding to the Al 2 Cu phase, with faint peaks indicating traces of Al. This indicates the formation of Al 2 Cu intermetallic compounds from Al and Cu powder. During the milling, the parent Al and Cu powder mixture is flattened by the high impact energy of the stainless steel milling balls, and the flattened powder becomes cold-welded to form an AlCu lamellar structure. The repeated cold-welding and fracturing of the powder, together with high strain and local high temperature by local impact, reduces the interlamellar spaces of Al and Cu layers. 16, 17) This results in atomic-level alloying and the formation of Al 2 Cu intermetallic compounds. The faint XRD peaks due to single-phase Al are resulted from that the initial atomic ratio of Al to Cu is intentionally controlled at 7 : 3, causing a small excess of single phase Al once all the Cu phase has been consumed in the alloyed compound. samples. Phase separation or transformation is rarely found to occur during hot-working processes, whose working temperature is lower than the melting temperature. Figure 3 shows XRD patterns of AlCu pellets prepared at various dealloying times: 0, 0.25, 0.5, 1, 2, 3, 5 and 9 h. All samples were dealloyed in 20 mass% NaOH solution at room temperature. Here, the peaks showing the presence of Al 2 Cu, Al, and Cu are marked by gray circles, green triangles, and yellow squares, respectively. Al 2 Cu and Al peaks disappear after 0.5 h, while the intensity of Cu peaks gradually increases. During the chemical dealloying, Al atoms in the Al 2 Cu intermetallic compound are dissolved into the solution 18) and hydrogen (H 2 ) bubbles are released from the specimen surface. This chemical reaction can be expressed as follows:
Hydrogen gas was rapidly released when dealloying begins, and the rate of release decreased with increasing dealloying time. This indicates that the rate of dealloying gradually decreases. The reaction is complete when all Al is dissolved in the NaOH solution. The remaining Cu atoms are unstable because of their large surface area, so they recrystallize to form a face-centered cubic (FCC) crystal structure. 19) As the dealloying proceeds, Cu atoms are gathered to reduce surface energy and are then arranged to form FCC crystal structure to reduce the internal energy. It thus results in both the increased strut size and intensity of XRD peaks as shown in Fig. 3 . Figure 4 is a schematic depiction to compare the chemical dealloying processes in our study with those in previous studies. 11, 12) Micro-scale Al phase, frequently observed in cast samples, may leave micro-scale voids after dealloying. Owing to the atomic-level mixing of Al and Cu atoms, however, the Al phase would be smaller than tens nanometers. Although surplus Al is firstly removed and aluminum atoms in Al 2 Cu are then dissolved in electrolyte during dealloying, remained copper atoms may diffuse toward nanoscale voids and fill the voids. Here, r is the mean strut size after dealloying for a certain time (t), from the initial mean strut size (r 0 ), with growth rate (B), which is expressed by the following eq. (3) 21)
The growth rate of struts is affected by the dealloying temperature (T), surface energy under the dealloying condition (£), the lattice parameter (a), and the surface diffusivity (D s ); k is the Boltzmann constant. The lattice constant (0.361 nm) and temperature (298 K) are fixed in this experiment; therefore, the growth rate can be reduced by decreasing the surface diffusivity and surface energy. 22 ,23) Figure 6 shows SEM images of the Cu foam after chemical dealloying in 20 mass% NaOH solution for 9 h. Figure 6 (a) shows the surface microstructure of the sample. As shown in Fig. 6(a) , nanopores were uniformly distributed throughout the sample. The mean pore and strut sizes are 25 « 20 nm and 30 « 20 nm, respectively. The color of the Cu foam upon dealloying was dark, as shown in Fig. 1(b) , perhaps because of the light scattering caused by its high surface area, and because its pore size is much smaller than the mean wavelength of light. 24) The cross-section in Fig. 6(b) shows that a uniform porous structure, similar to that of the sample surface, is formed also in the sample interior. Right after dealloying of Al atoms, Cu nanoporous structure is formed by a self-assembly process through surface diffusion. Since Al and Cu atoms are mixed at atomic-level, more Cu atoms may move to form strut and it requires longer time for the self-assembly of Cu. 25, 26) This results in nanometer-scale pores and struts in the Cu foam.
Conclusion
Highly uniform open-cell Cu nanofoams with large surface area have been prepared through chemical dealloying of Al Cu compounds, which were carefully prepared using a ballmilling process. High-energy ball milling enabled a uniform atomic-scale arrangement of Al and Cu atoms, resulting in a homogeneous nanoporous microstructure upon dealloying. The uniform structure delayed the assembly of Cu atoms during the removal of Al. Thus the pores and struts in the resulting Cu nanofoam had respective mean sizes of approximately 25 and 30 nm.
